The production of glycosidase and protease activities, which may play a role in the degradation of human glycoproteins, by Streptococcus oralis strains isolated from endocarditis, septicaemia or the oral cavity was investigated with a range of fluorogenic substrates. The pH optima of the proteases ranged from 6.0 to 9.3 and the pH optima for the glycosidases were lower (4.%.0), although the pH range over which both groups of enzymes acted was broad. Growth in a minimal medium supplemented with glucose resulted in repression of glycosidase activities and elevated proteolytic activity. Bacteria from cultures supplemented with porcine gastric mucin (PGM), a model glycoprotein, exhibited higher levels of glycosidase activity, while proteolytic activity was suppressed and glycoprotein-derived monosaccharides were transported at significantly higher rates than those observed for cells grown in media with glucose. PGM-derived cells also exhibited high levels of N-acetylneuraminate pyruvate-lyase, the first intracellular enzyme in the pathway of sialic acid catabolism. Taken together, these data indicate that S. oralis strains produce a range of proteolytic and glycosidic enzymes that may play a role in the degradation of host-derived glycoproteins.
Introduction
Viridans streptococci form a significant part of the normal flora of the human oral cavity [l] and are associated with systemic diseases that include infective endocarditis, septicaemia and deep-seated abscesses in liver and brain. In the pre-antibiotic era streptococci, and especially the viridans streptococci, accounted for > 80% of cases of infective endocarditis. Streptococci now account for about half of all cases of infective endocarditis and of these 3040% are caused by viridans streptococci [24] . Detailed microbiological studies of the viridans streptococci isolated from infective endocarditis have indicated that the predominant species include Streptococcus oralis and S. sanguis, with other species such as S. rnitis, S. salivarius and S. mutans being isolated less frequently 14, 51.
In-vitro observations and studies in experimental animals have suggested that the development of infective endocarditis requires the simultaneous occurrence of several independent events [5] . These include alteration of the surface of the cardiac valve which may be the result of local or systemic stresses, including blood turbulence or inflammation after rheumatic fever or infarction [6, 71 . These endothelial alterations result in the deposition of platelets and fibrin to form non-bacterial thrombotic vegetations (NBTV). For bacteria to colonise cardiac tissue they must first reach the NBTV, adhere and then replicate. The adherent bacteria are rapidly covered with a sheath of fibrin and platelets to produce an environment that may be conducive to bacterial multiplication, provided that the bacteria are resistant to the platelet-derived antibacterial factors produced by activated platelets within the thrombus. Viridans streptococci are especially resistant to these plateletderived factors [8] .
To replicate within the fibrin-platelet aggregate, bacteria must be able to obtain nutrients from their immediate environment. In the oral cavity, streptococci obtain nutrients from the host diet and from the degradation of salivary glycoproteins [9-121. To grow and multiply at extra-oral sites, they must similarly obtain nutrients from serum proteins and glycoproteins which must first be degraded by bacterial glycosidic and proteolytic enzymes.
S. oralis strains produce a wide range of glycosidic enzymes (neuraminidase, P-N-acetylgalactosaminidase, P-N-acetylglucosaminidase and 8-galactosidase) that glycosidase activities
Determination of pH optima of protease and are able to mediate the degradation of glycoprotein oligosaccharide side chains [lo, 13, 141 and provide fermentable carbohydrates for growth. The production of glycosidases facilitates the growth of this species in the oral cavity and may also contribute to the association of S. oralis with infective endocarditis [5] and septicaemia in neutropenic cancer patients [15- 161. This species also produces a wide range of proteolytic enzyme activities with the ability to degrade bovine serum albumin and transferrin [17, 181 and members of the 'oralis-group' of streptococci (S. oralis and S. mitis) are the most proteolytic of all the viridans streptococci [17] . The influence of the presence of glycoproteins on the production of these enzyme activities is not clear. Therefore, the effect of a model glycoprotein, porcine gastric mucin (PGM The following fluorogenic (7-amido-4-methylcouarinlinked; AMC-linked) protease substrates (Sigma) were used in all experiments: Nc-CBZ-L-lysine-AMC (CBZlys-AMC), glycyl-prolyl-AMC (gly-pro-AMC), L-leucine-AMC (leu-AMC) and N-t-BOC-leucyl-seryl-threonyl-arginyl-AMC (BOC-leu-ser-thr-arg-AMC). These substrates were selected for study because it has been reported previously that they may represent the principal proteolytic activities of S. oralis [17] . The following buffers were prepared at a concentration of 0.2 M for use in protease assays: sodium citrate buffer pH 3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0; potassium phosphate buffer pH 6.0, 6.5, 7.0, 7.5 and 8.0; and sodium borate buffer pH 8.1, 9.0, 9.3, 9.5, 10.1, 10.5 and 10.7.
[19]), on the production of selected glycosidic and proteolytic enzyme activities by strains of S. oralis was investigated, as the ability to degrade such macromolecules might influence their growth and virulence in vivo.
Each S. oralis strain was tested for its ability to degrade the following fluorogenic (4-MU-linked) glycosidase substrates: 4-MU-a-N-acetyl-neuraminic acid (4-MU-NeuAc), 4-MU-N-acetyl-P-D-glucosaminide (4-MU-P-GlcNAc), 4-MU-N-acetyl-P-D-galactosa-
Materials and methods

Bacterial strains
minide (4-MU-P-GalNAc) and 4-MU-P-D-galactoside (4-MU-P-Gal 
Preparation of bacterial suspensions
S. oralis strains were cultured on CA and bacterial colonies were removed into 50 m~ N-Tris[hydroxymethyl]methyl-2-aminoethanesulphonic acid buffer, pH 7.5 (TES buffer; Sigma) to form a uniform suspension. Suspensions were centrifuged at 2700 g (Labofuge 6000, Heraeus) for 10 min; the supernates were discarded and the pellets were washed by centrifugation and resuspended in the same buffer to give an absorbance of 0.1 at 620 nm.
Assays were set up in triplicate in 96-well flatbottomed microtitration trays (ICN-Flow, High Wycombe, Bucks) and contained 35pl of buffer at the appropriate pH, 3Opl of distilled water, 25pl of 400 p~ substrate solution and 10 pl of cell suspension. Control assays contained 10 pl of TES buffer in place of the cell suspension. The microtitration trays were incubated at 37°C aerobically for up to 24 h and the reactions were stopped by the addition of lOOp1 of 0.5 M NaHC03/Na2C03 buffer, pH 10.2 (stop buffer). Substrate hydrolysis was determined by measuring the increase in fluorescence at excitation and emission wavelengths of 380 nm and 460 nm, respectively (LS-3B fluorescence spectrometer fitted with a microtitration plate-reading attachment; Perkin-Elmer, Beaconsfield, Hants). The number of moles of substrate hydrolysed was calculated by reference to standard curves prepared wtih 4-methylumbelliferone or 7-amido-4-methylcoumarin (for glycosidase and protease assays, respectively) and treated with 100 pl of stop buffer, as described above.
Determination of Michaelis constant (K,) of protease and glycosidase activities
The K, for the hydrolysis of each of the eight protease and glycosidase substrates was determined at the pH optimum of the individual enzyme. The substrates were
used at final concentrations ranging from 0.0055 m~ to 5.5 m~. Assays were set up in triplicate in microtitration trays and contained: 35 pl of 0.2 M buffer, 55 pl of substrate at the appropriate concentration and 10 pl of cell suspension. Trays were incubated aerobically at 37°C for an appropriate period, dependent upon the rate of reaction for each enzyme activity and, after the addition of stop buffer, fluorescence values were determined as described above. Control assays were set up with TES buffer in place of the bacterial suspension for each concentration of substrate.
Induction of protease and glycosidase activities
The production of glycosidic and proteolytic enzymes by S. oralis strains was investigated after growth in a semi-defined medium (CASMM) supplemented with glucose or porcine gastric mucin (PGM). CASMM, containing casein hydrolysate 5 g/L, was prepared as described previously [20] and dispensed into sterile 7-ml screw-capped containers in 2.5-ml portions; 2.5 ml of 20 m~ glucose or PGM 10 mg/ml or mixtures of these two were added and the media were pre-reduced. Individual bacterial colonies from CA were removed into pre-reduced Brain Heart Infusion Broth (BHI; Oxoid) and incubated anaerobically to attain late exponential or early stationary phase. CASMM with supplements was inoculated with 20Opl of the BHI starter cultures and incubated anaerobically at 37°C for up to 24 h. Each culture was set up in triplicate and the mean value of each determination was calculated.
One-ml volumes of each culture were centrifuged at 11 600 g for 5 min (MSE, Microcentrifuge) and the supernates were decanted. Bacterial pellets were washed by centrifugation in 10 mM potassium phosphate buffer, pH 7.5, and resuspended in the same buffer. The assays for supernate and cell-associated protease and glycosidase activities were performed in duplicate with 20p1 of cell suspension or culture supernate, 35 pl of the 0.2 M buffer (chosen according to the previously determined pH optimum for the enzyme), 2Opl of distilled water, and 25pl of 1 mM substrate (except for 4-MU-NeuAc which was used at a concentration of 0.1 m~) . Assays were set up in microtitration trays and incubated at 37°C. Reactions were terminated by the addition of 100 pl of stop buffer and the fluorescence was determined as described above. The cell-associated and supernate activity of individual enzymes was calculated as nmoles of substrate hydrolysedmidmg of bacterial protein and the mean values were calculated for each strain.
Determination of phosphoenolpyruvate:sugar phosphotransferase system (PTS) activities
The influence of PGM on PTS activity was tested with strain SS 1802 grown anaerobically in CASMM supplemented with either glucose or PGM (final concentrations of 10 m~ and 5 mg/ml, respectively) for 18-24 h. Cells were harvested, washed by centrifugation in 5 0 m~ potassium phosphate buffer, pH 7.5, and resuspended in the same buffer to give an optical density of 2.0 at 620 nm (Shimadzu UV-160A recording spectrophotometer). Cell suspensions were decryptified by mixing 2 ml of bacterial suspension with 2Opl of a to1uene:acetone (1:4 v:v) mixture and vigorously mixing at room temperature for 90 s with a vortex mixer. Decryptified cell suspensions were stored on ice.
Assays for the measurement of PTS activity were performed by a previously described method [21] and contained: 250 ,ul of 100 mM potassium phosphate buffer, pH 7.0; 100 pl of 10 m~ phosphoenolpyruvate; 50 pl of lactate dehydrogenase (LDH) 40 U/ml; 100 pl decryptified cell suspension; lOOp1 of 1 mM NADH and 100 ,ul of 100 m~ carbohydrate solution. The following carbohydrates were used: glucose, N-acetylglucosamine, mannose, galactose and mannitol as a negative control. All components, except for the prewarmed carbohydrate, were added to a 1.0-ml UVtransparent disposable cuvette (Elkay) and pre-warmed at 37°C for 10 min. Reactions were initiated by the addition of the carbohydrate solution and the change in absorbance at 340nm was monitored. Control assays contained all components, except that distilled water replaced the carbohydrate solution. The rate of NADH oxidation was calculated by comparison with a standard curve of NADH. PTS activity was expressed as pmol NADH oxidised/h/mg of protein.
of 1 0~ MgCl2; 1OOpl of 1 0 0 m~ NaF; 2OOpl of Determination of n euram inate pyruva te-lyase (NPL) activity NPL, the first enzyme in the pathway of intracellular N-acetylneuraminic acid catabolism, catalyses the conversion of this compound to pyruvate and Nacetylmannosamine. S. oralis strain SS1802 was grown on CASMM supplemented with 10 mM glucose or PGM 5 mg/ml and cells were pelleted by centrifugation. Cell-free extracts were prepared by disrupting cells with Ballotini beads (size 12, Jencons) in a Mickle disintegrator (Mickle Engineering Co., Gomshall, Surrey) for 10min at 4°C. Cell debris was removed by centrifugation (1 1 600 g, MSE Microfuge, 10 min) and the cell-free supernate was assayed for NPL activity.
Preliminary experiments to measure NPL activity were performed with the method described by Homer et al. [20] and demonstrated that the rate of endogenous NADH oxidation, in the absence of N-acetyl-newaminic acid, was high and significantly interfered with the measurement of NPL activity in S. oralis. Therefore, a modification of an earlier method was used [22] in which the reaction was terminated by heat inactivation of bacterial enzymes and released pyruvate was measured by coupling with LDH in the presence of NADH. Assays for NPL activity were set up in microcentrifuge tubes and contained: lOOp1 of 0.2 M sodium phosphate buffer, pH 7.5; 40 pl of 0.1 M N-acetylneuraminic acid; 100 pl of cell-free extract; and 160 p1 of distilled water. Assays were incubated at 37°C for up to 1 h and the reaction was stopped by heating at 100°C for 2 min. After cooling to room temperature, the assay mixtures were transferred to UV-transparent cuvettes to which 2OOpl of 50mM sodium phosphate buffer, pH 7.5, 200pl of 1 mM NADH solution and 200 pl of distilled water were added. After equilibration at 37"C, the absorbance at 340 nm was recorded and 10 pl of LDH 40 U/ml solution was added. The absorbance at 340mm was monitored until a minimum value was reached. Control assays contained no sialic acid but 40pl of distilled water was used to maintain the volume of the assay. The amount of pyruvate formed in NPL assays was calculated by comparison with standard concentrations of pyruvate treated with LDH as described above. Specific activity was expressed as pmollhlmg of protein.
Protein determinations
Protein concentrations of bacterial cell suspensions or crude cell-fiee extracts were determined with the Coomassie Blue dye-binding assay (Sigma Kit No. 610-A) with bovine serum albumin as the standard.
Results
pH optima of protease activities
The influence of assay pH on the rate of hydrolysis of BOC-leu-ser-thr-arg-AMC, CBZ-lys-AMS, gly-pro-AMC and leu-AMC by S. oralis strain SS1802 is shown in Fig. 1 . All proteases exhibited maximum activity at pH 8.0, with the exception of the enzyme acting on CBZ-lys-AMC which had a pH optimum of c. 6.5. These data are similar to pH profiles obtained for protease activities of the other S. oralis strains (data not shown). The pH optima for the proteases of all the S. oralis strains are shown in Table 1 . The pH optima for each of these activities were generally between pH 6.0 and 8.0 except for gly-pro-AMC activity which was between pH 8.0 and 9.3. The pH range over which these enzymes exhibited 3 50% of the maximum activity was 6.0-9.5 for leu-AMC, 6.2-> 10 for glypro-AMC, 5.5-9.3 for CBZ-lys-AMC and 5.5-9.2 for BOC-leu-ser-thr-arg-AMC.
pH optima of glycosidase activities
The effect of pH on the activity of thc glycosidases produced by S. oralis strain SS1802, and typical of all the other strains, is shown in Fig. 2 . The pH optilqa for N-acetylglucosaminidase and N-acetylga1actos;minidase were 4.5, whereas those of sialidase and pgalactosidase were 6.0, although all four glycosidases exhibited activity over a wide pH range. The pH optima for the glycosidases of each of the six strains are shown in Table 2 . N-acetylglucosaminidase and Nacetylgalactosaminidase exhibited maximum activity at pH 4.5 or 5.0; the sialidase and p-galactosidase enzymes were most active at pH 6.0 or 6.5. The pH range over which all glycosidases exhibited at least 50% of their maximum activity was wide, spanning 2-3 pH units.
Michaelis constants (Km) of proteases and glycosidases
The K, values for proteases and glycosidases produced by each of the six S. oralis strains were determined at the pH optimum for each enzyme and the mean K, for the six strains for each substrate was calculated. Of the proteolytic activities, the enzyme degrading CBZ-lys-AMC usually exhibited the lowest K, and the enzyme acting on gly-pro-AMC showed the highest ( Table 3) . The mean K, values were 2 4 p~ for CBZ-lys-AMC, 55 p M for leu-AMC, 101 p M for BOC-leu-ser-thr-arg-AMC and 7 9 3 ,~~ for gly-pro-AMC.
The mean K, values for the four glycosidase activities were calculated and were 28 p M for sialidase, 244 p M for N-acetylglucosaminidase, 42 PM for N-acetylgalactosaminidase and 460 ,UM for pgalactosidase (Table 4) . For all strains, the K, for the sialidase substrate was usually the lowest and that for 4-MU-/I-gal was the greatest.
Influence of PGM on protease activities
The mean cell-associated proteolytic activities of the S. oralis strains grown in CASMM supplemented with 10 mM glucose are shown in Table 5 . The highest specific activities were obtained when gly-pro-AMC was the substrate and the lowest with BOC-leu-ser-thrarg-AMC, irrespective of the strain. Cells from cultures in CASMM with PGM exhibited significantly less protease activity than those which were grown in the presence of glucose (Table 5 ). For the cultures grown with glucose the supernate specific activities were much less than the cell-associated levels, being 8.3%, 4.7%, 9.1% and 34% for leu-AMC, gly-pro-AMC, CBZ-lys-AMC and BOC-leu-ser-thr-arg-AMC, respectively. There was no detectable protease activity in the supernate from the cultures supplemented with PGM.
Influence of PGM on glycosidase activities Table 6 shows the mean specific activities of glycosidases of the six strains of S. oralis grown on CASMM supplemented with 10 mM glucose, PGM or a combination of glucose and PGM. The specific activity of each of the cell-associated glycosidases was greatest *Range over which enzyme activity was 2 50% of the activity at the pH optimum.
Table3. K, values of protease activities of S. oralis strains determined at the pH optima K, value (pM) with Strain gly-pro-CBZ-lys-BOC-leu-serno. leu-AMC  AMC  AMC  thr-arg-AMC   SS 1802  37  442  12  106  SS2099  11  2097  26  38  92B88  38  253  18  112  92C16  56  1412  11  100  31 1  138  453  60  130  34 1  50  117  20  120 Fluorogenic substrates were included in the assays at concentrations up to 5.5 mM.
in the medium supplemented with PGM and significantly reduced when bacteria were grown in CASMM supplemented with glucose alone. The combination of PGM and glucose produced intermediate levels of each glycosidase. Supernatant glycosidase activities were greatest in the cultures with PGM and lowest in the medium supplemented with glucose alone.
Induction of PTS and NPL activities
S. oralis strain SS1802 was studied for its ability to transport carbohydrates via PTS systems after growth in CASMM supplemented with 10 mM glucose or PGM 5 mg/ml. Cultures grown with glucose exhibited high levels of glucose, N-acetylglucosamine and mannose transport; neither galactose nor mannitol was transported. When grown in the'presence of PGM, glucose, N-acetylglucosamine and mannose were transported at higher rates and significant transport of galactose was also observed ( Table 7) .
Transport of sialic acid, which does not occur via PTS, was not investigated in this study. Instead, the influence of PGM on the levels of intracellular NPL, the first enzyme in the catabolism of sialic acid was investigated. Extracts of S. oralis strain SS1802 grown in the presence of glucose exhibited NPL activity of 1.1 pmol/h/mg; extracts from cells derived from PGMcontaining cultures had NPL activity of 72.4pmoW mg. Fluorogenic substrates were included in the assays at concentrations up to 5.5 m~. The pH optima for the glycosidases were all acidic, ranging between pH 4.5 and 6.0, but at least 50% of maximum activity was exhibited over a considerably wider range. These values were very similar to those reported previously for another oral Streptococcus sp.
associated with extra-oral diseases, S. intermedius [20] . For the proteases, the pH optima tended to be more alkaline, within the pH range 6.0-8.0, but again the enzymes were active over a broad range. This indicates that these activities may function effectively under different physiological conditions to degrade host glycoproteins yielding both saccharides and peptides from glycoproteins for bacterial growth. The K, values for the hydrolysis of the different substrates varied considerably. It is of interest that of the S. oralis glycosidases, the K, for sialidase was the lowest, indicating the greatest affinity for its substrate. Sialidase has been implicated as a virulence determinant for several bacterial species [24-261 as the removal of the terminal sialic acid residues on the glycoprotein oligosaccharide side chains is a primary event in glycoprotein deglycosylation and may result in cellular and structural damage [27] .
In these studies, PGM was used as a model glycoprotein because of the marked structural resemblance between its oligosaccharide sidechains and the 0-linked sidechains of human glycoproteins [ 191. PGM also has been used in other in-vitro studies to support the growth of mixed cultures of dental plaque bacteria with production of glycosidase and proteolytic activities similar to those demonstrable in vivo [28-301. Data from the present study indicate that incorporation of PGM into the minimal medium used for growth of S. oralis strains had a marked effect on the production of glycosidic and proteolytic enzymes. Proteolytic activities were greatest in medium containing glucose and lowest in the medium supplemented with PGM alone, whereas glycosidase activities were greatest in medium containing PGM and lowest in the medium supplemented with glucose. All media contained casein hydrodysate 0.5% w/v [20] as a component of the CASMM. These data suggest that in the glucose-containing medium there was an excess of carbon (as glucose), the utilisation of which depended upon an adequate supply of nitrogen. The increased proteolytic activities and the repression of glycosidase activities may be ,a direct response to the high concentration of glucose in the medium [31] . The nitrogen requirement for growth may have been satisfied by the hydrolysis of, and utilisation of peptides derived from, the casein hydrolysate in the medium. This hydrolytic process, occurring under conditions of carbon excess, would require the increased production of proteolytic enzymes.
When S. oralis strains were cultured in minimal medium supplemented with PGM, glycosidic activities, with the potential to degrade oligosaccharide sidechains of PGM, were induced. Furthermore, PGM influenced the ability of the S. oralis cells to transport carbohydrates. Increased levels of PTS activity were observed for N-acetylglucosamine, glucose and mannose with low levels of PTS activity for galactose. Similar changes in these transport systems were apparent in S. intermedius grown under the same culture conditions with PGM as the major source of carbohydrate [20] . The transport of N-acetylneuraminic acid, which occurs via a specific permease and not via a PTS system [32, 331, was not studied directly here but, as in S. intermedius [20] , there were increased levels of neuraminate pyruvate-lyase activity, indicating intracellular catabolism of N-acetylneuraminic acid in cells grown in media supplemented with PGM. These data suggest that, under these cultural conditions, S. oralis exhibits the ability to catabolise, simultaneously, monosaccharides derived from oligosaccharide side chains of PGM and, probably, side chains of other glycoproteins with similar structures. The reduced protease activity and elevated glycosidase activity suggest that in the PGM cultures the cells are adequately provided with nitrogenous substrates by the actions of the proteases and that the growth of the bacteria depended upon the rate at which carbohydrate moieties were liberated from the oligosaccharide sidechains of the PGM.
These studies were preliminary investigations into the regulation of the expression of metabolic activities which may be required for the growth and persistence of bacteria in vivo. The simple attachment of bacteria to host tissue or their presence in the circulation are insufficient to initiate disease [34] . The bacteria must, amongst other things, be able to grow and this is mediated by the binding of glycoproteins, their degradation and the subsequent utilisation of the carbohydrate and peptide moieties derived from them.
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